The analysis of thermo-structural behaviour is crucial to the nose cap of a hypersonic vehicle under aerothermodynamic loads. Considering chemical nonequilibrium of the flow field, heat transfer, and deformation of the structure, a fluid-thermalstructural coupling model of the typical nose cap was established. The coupling relation between the flow field and nose cap was analyzed. The results show that the fluid-thermal-structural model can effectively predict the response of the nose cap under a hypersonic environment. The highest temperature and the peak of maximum principal stress appear at the front of the nose cap at an initial stage. As time goes on, the highest temperature increases gradually and the peak of maximum principal stress decreases after reaching a certain value. The position of the peak of maximum principal stress gradually moves to the inside of the nose cap and eventually stabilizes. With the increase in the Mach number, the highest temperature and the peak of maximum principal stress of the nose cap increase. The fluid-thermal-structural coupling model can provide guidance for the optimal design of the nose cap of a hypersonic vehicle.
Introduction
The hypersonic flight within the atmosphere can result in severe aerodynamic heating phenomena, which poses a major challenge for the thermal protection design of hypersonic vehicles [1] . When a hypersonic vehicle returns back to the earth crossing the atmosphere at a speed of 7~8 km/s, the nose cap is subjected to the heat flux up to 10 MW/m 2 , or even higher, due to the combination of shock wave and viscous friction of the surrounding air [2] . In order to protect the aircraft from damage under aerothermodynamic loads, design of the nose cap is particularly important. Accurate response prediction is the basis of nose cap design [3, 4] . There is strong coupling among hypersonic flow field, heat transfer, and deformation of the nose cap. When the nose cap is subjected to the aerothermodynamic loads, high temperature of the structure will cause the change of material physical parameters and large temperature gradient will result in thermal stress and deformation. In addition, the structural deformation will affect the heat flux and pressure distributions along the wall of the structure, thus forming a complex thermo-mechanical coupling issue [5, 6] . Therefore, it is necessary to establish a fluid-thermal-structural coupling model to predict the hypersonic flow field, transient temperature, and deformation of the nose cap.
The research of fluid-thermal-structural coupling is one of the key issues in the development of a hypersonic vehicle. Many efforts have been made to improve the understanding of the multiphysical coupling of a hypersonic vehicle. In References [7, 8] , the coupling model of the nose cap and hypersonic flow was established, and the effect of an attack angle on the nose cap response was analyzed. The ablation was predicted by using the moving mesh algorithm. Chen et al. studied the model of the leading edge of the wing, analyzed the mechanism of the coupling process, and obtained the distribution of temperature and stress of the leading edge at different times [9, 10] . Munk et al. used the coupling model to optimize the wing, and the influence of the coupling model on the optimization design of the wing was analyzed [11] . References [12, 13] studied the effect of fluid-thermalstructural coupling on the response of a flat plate. Bhide et al. established a three-dimensional coupling model of a rectangular nozzle which provided some references for the optimization and improvement of the nozzle [14] . Guo et al. took the spine blunt body of aircraft as the research object, established the fluid-thermal-structural coupling model, analyzed the thermal response of the model, and obtained that the blunt body with longer spike had better thermal protection performance [15] . In References [16, 17] , different coupling calculation methods were proposed for the fluidthermal-structural coupling issue, and the effects on the accuracy and efficiency of calculation were studied. Multiphysical coupling of a hypersonic vehicle is a complex issue. In most of the previous researches on the response of the nose cap, a one-way coupling method was adopted, ignoring the influence of structural response on aerothermodynamic loads, which will affect the accuracy of prediction results.
The present work focuses on the establishment of a twoway fluid-thermal-structural coupling model. In the model, chemical nonequilibrium of the flow field, heat transfer, and deformation of the structure are considered. The purpose is to gain an insight into thermal-structural features of the nose cap. The numerical results are expected to provide technical support to the nose cap design of a hypersonic vehicle. , 6  4   3   7  7  7  7  7  7  7  7  7  7  7  7  7  7  7  7  7  7  7  5 , ∂y  6  4   3   7  7  7  7  7  7  7  7  7  7  7  7  7  7  7  7  7  7 
Governing Equations and Coupling Strategy
where Q is the conservative variable and E and F are inviscid fluxes in x and y directions, respectively. E v and F v are viscous fluxes in x and y directions, respectively. S is the source term reflecting the effect of chemical nonequilibrium. u and v are the velocities in x and y directions, respectively. p, ρ, and Y i are the pressure, density, and mass fraction of each 2
International Journal of Aerospace Engineering component of the gas, respectively. q xi and q yi are the diffusivity of components in the x and y directions, respectively. D im and h i are the diffusion coefficient and the absolute enthalpy per unit mass of components, respectively. q x and q y and q vex and q vey are translational-rotational heat fluxes and vibrational heat fluxes in x and y directions, respectively. _ ω i and _ ω ve are the component i mass generation rate and vibration energy, respectively.
The Gupta chemical kinetic model is used to calculate the component change caused by chemical reactions which contain NS components and NR chemical reactions. The chemical reaction equation is as follows [18] :
where Z s is the chemical component. α r,s and β r,s are the stoichiometric coefficients of reactants and products, respectively. k f ,r and k b,r are the positive reaction rate and reverse reaction rate, respectively, in which subscripts f and b represent the positive reaction and reverse reaction, respectively. The chemical reaction rates k f ,r and k b,r are obtained by the Arrhenius formula.
where A f ,r , B f ,r , C f ,r , A b,r , B b,r , and C b,r are constant terms of the reaction equation, respectively. K c is the equilibrium constant of the chemical reaction. In this paper, a five-component (N 2 , O 2 , NO, N, and O) chemical kinetic model is used. The effect of the third body on the chemical reaction is considered. The five-component reaction model and reaction rate are shown in Table 1 , and the third-body catalytic efficiency is shown in Table 2 [18].
Governing Equation of
Thermoelasticity. The governing equation of thermoelasticity describes the law obeyed by distribution of internal temperature and stress under aerodynamic loads. Energy in the structure includes heat energy and deformation energy. The heat energy is marked by temperature, and deformation energy is marked by stress and strain. The governing equation of thermoelasticity can be written as follows:
where t is the time. T is the temperature. ρ s is the material density. c p is the specific heat capacity. λ i is the thermal con-ductivity of material. σ ij and ε ij are the stress tensor and strain tensor, respectively. q is the heat flux.
Coupling
Interface. The coupling interface of the fluidthermal-structural model needs to meet the deformation coordination and the energy conservation. The deformation of the structure is coordinated with the fluid boundary. The energy conservation of the interface is shown in Equation (5). Figure 1 illustrates the energy conservation relation at the coupling interface.
where q conv is the aerothermal heat flux. q rad-in is the radiation heating heat flux by the flow field. q rad-out is the radiative heat flux by the structure.
Fluid-Thermal-Structural Coupling Strategy.
Multiphysics coupling issue is a complex process between aerothermodynamics in fluid and thermo-structural dynamics in solid through a fluid-solid coupling interface. According to the physical space, it can be divided into the fluid domain and solid domain. As shown in Figure 2 , Ω f and Ω s represent the fluid domain and solid domain, respectively, and Γ represents the coupling interface. The spatial dispersion and time integration in the fluid domain are independent of those in the solid domain. As the computational grids of the two domains have different topological forms, data between two regions of mismatched grids is transferred by the meshbased parallel code coupling interface (Mpcci). Mpcci is a standard computing program to couple multiphysical fields in distributed parameter models. The data association is carried out based on a neighborhood search. Straightforward interpolation is conducted utilizing shape function mapping for the interpolation of the heat flux, pressure, and temperature. Figure 3 shows the data transfer between mismatched grids. According to the coupling characteristics, the fluidthermal-structural coupling model is shown in Figure 4 . It Table 1 : Gupta chemical reaction model and reaction rate constants.
Number
Reaction equation 3 International Journal of Aerospace Engineering represents a two-way coupling relation between the aerothermodynamic environment of the flow field and the structural thermal response of the nose cap. The initial conditions and boundary conditions are defined in advance, which include the nose cap shape and the flow field conditions. The wall pressure and heat flux can be obtained by numerical calculation of the flow field. The response of the nose cap can be obtained by applying the pressure and heat flux to the nose cap structure. Heat flux, wall pressure, wall temperature, and wall position are transferred by Mpcci. This calculation process is repeated cyclically until the total calculation time is reached. The Abaqus ALE (arbitrary Lagrangian-Eulerian) mesh adaptive technology is used to remesh the internal grids of the model, thus avoiding the excessive deformity of the grids and finally realizing the simulation of the structural deformation of the nose cap.
The two-way loosely coupling strategy is shown in Figure 5 and can be summarized as follows:
(1) At time t 0 , the initial temperature and displacement of the structure are transferred to the fluid domain as the boundary conditions for the flow field Its experimental study was conducted in the pure air of DLR HEG [19] . The free stream velocity was 4776 m/s, the pressure was 687 Pa, the temperature was 694 K, and the wall temperature was 300 K. The initial mass fractions of N 2 , O 2 , N, O, and NO were 0.23, 0.77, 0, 0, and 0, respectively. The diameter of the cylinder model was 90 mm, and the length was 380 mm. The computational grids and boundary conditions of the model are shown in Figure 6 .
The calorimetric perfect gas model and five-component (N 2 , O 2 , NO, O, and N) chemical nonequilibrium gas model were established, respectively. Figure 7 is the distribution of the Mach number along a stationary line with different gas models. The detachment distance of shock wave using the calorimetric perfect gas model is 15.1 mm, and that using the chemical nonequilibrium model is 11.8 mm, which is more consistent with the experimental value of 11.9 mm. Figure 8 is the comparison contour between the numerical and experimental results. It can be seen that the numerical result using the chemical nonequilibrium gas model is in good agreement with the experimental result, which also verifies the reliability of the numerical chemical nonequilibrium model.
Fluid-Thermal-Structural Coupling Model of the Nose Cap
3.1. Description of the Nose Cap. The fluid-thermal-structural coupling is carried out with a typical nose cap. The geometry of the nose cap is shown in Figure 9 , and its detailed dimensions can be found in Reference [5] . The basic idea of the nose cap is to couple C/SiC to ZrB 2 /SiC in order to create a multimaterial structure to withstand the severe condition. ZrB 2 /SiC is used in the tip of the nose cap to withstand extreme aerothermal load. C/SiC is used in the outer dome of the nose cap to reduce weight. Graphite is used in the inner Table 3 .
The inflow conditions are shown in Table 4 . The mass fractions of N 2 and O 2 are 77% and 23%, respectively. 5 International Journal of Aerospace Engineering effect of chemical nonequilibrium is considered in the flow field. The wall is noncatalytic, and the effects of heat transfer and deformation are considered in the structure. Fluent is used to simulate the flow field. The CFD computational grids are shown in Figure 10(a) , and the grids have 20592 elements, which are refined near the wall. Abaqus is used to simulate the response of the nose cap. As shown in Figure 10 (b), the number of FEA grid elements is 9346. Mpcci is used to transfer the data of the fluid-solid interface. Because of the symmetry, only one-half of the nose cap is modeled.
The boundary conditions of the nose cap model are as follows: symmetrical boundary conditions applied to the symmetrical axis, fixed constraints at the bottom, and initial temperature of the nose cap (300 K). The effect of material ablation is not considered in the model. International Journal of Aerospace Engineering
Results and Discussion
4.1. Response of the Nose Cap. The inflow Mach number is 7.5. Figure 11 shows the temperature and pressure contours of the flow field at 100 s. The flow field can be divided into the far-field free inflow zone and bow shock zone. The The response of the nose cap under aerothermodynamic loads is analyzed. Figure 12 shows the temperature and the maximum principal stress contours of the nose cap at 100 s. The highest temperature occurs in the nose cap head area. As the ceramic material is brittle, its fracture failure is reflected by the maximum principal stress. The peak of maximum principal stress occurs in the region of the head. Figure 13 is the deformation contour of the nose cap at 100 s. It can be seen that under the aerodynamic load and the thermal expansion, the nose cap has certain deformation. The largest deformation occurs at the tip of the nose cap, and the largest deformation value is 1.07 mm. Figure 14 is the evolution of heat flux along the nose cap wall. The maximum heat flux is in the stagnation region and decreases accordingly away from the stagnation area. As time goes on, the heat flux in the stagnation area decreases rapidly. This is because the heat flux is related to the temperature gradient near the wall. The larger the temperature gradient is, the larger the heat flux is. At the initial time, the wall temperature of the nose cap is lower and the temperature gradient near the wall is larger, which leads to a larger heat flux. With the heat transferring to the material, the temperature of the nose cap increases gradually, which makes the temperature gradient and the heat flux decrease. The result shows that if the uncoupled model is used, the change of heat flux cannot be predicted and the thermal load will be overestimated. Figure 15 is the evolution of nose cap tip displacement with time. It can be seen that the displacement of International Journal of Aerospace Engineering the nose cap tip increases gradually with time, which will affect the prediction of aerodynamic force and aerodynamic heat. Figure 16 shows the temperature distribution of the nose cap at different times. As the effect of aerothermal load, the heat accumulates rapidly near the stagnation region, which leads to the rapid increase in the structure temperature. As time goes on, the heat accumulates continuously and the temperature of the structure is also constantly rising. At the same time, the heat is gradually transferred to the deep region of the structure. Figure 17 shows the maximum principal stress distribution at different times. As temperature gradient at the tip is largest, the peak of maximum principal stress appears at the top of the nose cap. As time goes on, the heat begins to transmit to the deep region, the temperature gradient decreases, and the peak value of the maximum principal stress decreases. The position of the peak of maximum principal stress gradually moves to the deep region of the nose cap. If the structure design and material selection are unreasonable, it will cause thermal and mechanical damage to the structure. Figures 18 and 19 are the distributions of temperature and maximum principal stress along the axis of the nose cap at different times. The highest temperature position is at the tip of the nose cap, and temperature increases gradually with the advance of flight time. The peak value of the maximum principal stress begins to appear at the front of International Journal of Aerospace Engineering the nose cap. As time goes on, the peak of maximum principal stress gradually decreases after reaching a certain value and the position gradually moves towards the inside of the nose cap and finally tends to be stable. Figures 20 and 21 show the highest temperature and the peak of maximum principal stress distributions with different Mach numbers. The maximum temperature and the peak of maximum principal stress increase gradually with the increase in the Mach number. The peak of maximum principal stress increases rapidly at the initial stage and reaches its peak value at around 6 s. This is mainly because, at the beginning, heat flux gathers at the tip, forming a larger temperature gradient. As time goes on, the peak value of maximum principal stress gradually decreases and finally approaches a smaller value. 
Effect of Flight Time on Nose Cap Response.

Conclusions
In the present paper, a fluid-thermal-structural model was established to study the response of the nose cap in a hypersonic environment. The main conclusions are listed as follows:
(1) There is a close coupling relation between the hypersonic environment and response of the nose cap.
The fluid-thermal-structural model can effectively predict the response of the nose cap under a hypersonic environment
(2) At the initial stage, the highest temperature and the peak value of maximum principal stress appear at the nose cap head. As time goes on, the highest temperature gradually increases and finally tends to be stable. When the peak of maximum principal stress reaches a certain value, it gradually decreases and the position of the peak of maximum principal stress gradually moves to the inside of the nose cap and eventually tends to be stable (3) With the increase in the Mach number, the highest temperature and the peak of maximum principal stress of the nose cap structure increase Based on the investigation of the thermo-structural response of the structure, multiobjective optimization for the nose cap will be conducted in the future.
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